Reduced hepatic membrane receptors for acetylated low-density lipoprotein (acetyl-LDL) and maleylated BSA (Mal-BSA) with apparent molecular masses of 35 kDa, 85 kDa and 15 kDa have been extracted from rat liver and separated by affinity chromatography as described by us previously [Ottnad, Via, Sinn, Freidrich, Ziegler & Dresel (1990) 
INTRODUCTION
Rat hepatic sinusoidal cells and endothelial cells recognize acetylated low-density lipoprotein (acetyl-LDL) via specific receptors (Nagelkerke et al., 1983; Pitas et al., 1985) . Acetyl-LDL receptors detected by Goldstein et al. (1979) on cultured macrophages were termed 'scavenger receptors' (Brown & Goldstein, 1983) . Physiological ligands of the scavenger receptors have not yet been identified. Steinberg and coworkers discovered that oxidized LDL is a competitor for binding of acetyl-LDL to the macrophage scavenger receptors (Sparrow et al., 1989) . Since oxidized LDL can be detected in the atherosclerotic lesion, a role for macrophage scavenger receptors in atherogenesis has been suggested. It has been hypothesized that uptake of oxidized LDL by arterial wall macrophages might cause the conversion of these cells to cholesterol-ester-rich foam cells Yla-Herttuala et al., 1989; Steinberg et al., 1989) .
A protective role for scavenger receptors in the liver has also been suggested. Hepatic scavenger receptors might act as a filter to remove modified LDL from the bloodstream (Nagelkerke et al., 1983; van Berkel et al., 1991) . Unreduced high-molecularmass acetyl-LDL receptors (-250 kDa) and three reduced binding proteins kDa) have been solubilized and purified from rat liver by us previously (Dresel et al., 1987; Ottnad et al., 1990) . A similar unreduced highmolecular mass acetyl-LDL receptor was isolated by us from a macrophagocytic cell line (Via et al., 1985) and by others from bovine lung macrophages (Kodama et al., 1988) . Two closely related cDNAs of a putative 77 kDa monomer of the bovine scavenger receptors were cloned recently from a lung library Rohrer et al., 1990) .
Our previous studies have included saturation binding analyses on purified hepatic scavenger receptors with acetyl-LDL and maleylated BSA (Mal-BSA) (Ottnad et al., 1990) . Mal-BSA was described by Brown et al. (1980) as an inhibitor of acetyl-LDL binding to the scavenger receptors, and was used by us as a second ligand. A 4: 1 binding ratio for Mal-BSA: acetyl-LDL at the 85 kDa and the 15 kDa binding proteins, and a 2: 1 binding ratio at the 35 kDa binding protein, were observed. By crosscompetition studies with acetyl-LDL and Mal-BSA, at least two classes of binding sites for Mal-BSA could be separated. In the present paper we analyse the interaction of oxidized LDL with the three reduced 85 kDa, 35 kDa and 12-15 kDa acetyl-LDL/Mal-BSA-binding proteins from rat liver. We demonstrate competition of acetyl-LDL binding and Mal-BSA binding by native LDL, mildly oxidized LDL and fully oxidized LDL in a reconstituted system. MATERIALS AND METHODS Materials and chemicals were obtained from sources described previously (Ottnad et al., .1990 ). With the exception of Trasylol, which was obtained from Bayer (Leverkusen, Germany), the proteinase inhibitors were purchased from Boehringer Mannheim G.m.b.H. (Mannheim, Germany).
Preparation and characterization of lipoprotein and radioligands Human LDL was prepared from the plasma of four male healthy blood donors (non-smokers) by sequential ultracentrifugation in NaBr solution in the presence of 0.01 % EDTA (Havel et al., 1955 Lowry et al. (1951) . The integrity-of the apolipoprotein B and the purity of the LDL was checked by SDS/polyacrylamide slab-gel electrophoresis (Laemmli, 1970 In order to characterize the stability of the LDL preparation, LDL (125 jag/mI) was oxidized in a 2 ml cuvette with 10 jaMCu(II) as pro-oxidant, as described previously (Huber et al., 1990) . Briefly, the formation of dienes was recorded at A234, and the so-called 'lag phase' (defined as the interval between the intercept of the tangent of the slope of the curve with the timescale axis), and the maximal rate of A234 increase (calculated from the slope of the absorbance curve during the propagation reaction) were estimated. The LDL preparation was analysed three times within 10 days. The lag phase of the probe was 77 + 8 min (mean+ S.D.), and the mean maximal rate of the diene formation was 0.027 + 0.002 A234 units/min. There was no evidence for a shortening of the lag phase over the 10 days of storage.
Acetylation of LDL was performed by treatment with acetic anhydride (Basu et al., 1976) . BSA was maleylated with maleic anhydride (Imber et al., 1982) . In our experiments 50 of 59 lysine residues were maleylated, as determined by the method of Fields (1972) . Protein concentrations of the modified albumin were also determined according to Lowry et al. (1951) .
Radioiodination of LDL and Mal-BSA was performed with Na1311 and N-bromosuccinimide as oxidant (1 jag of NBS/mCi of 1311) and analysed by t.l.c. as described (Sinn et al., 1988 Preparation of reduced binding proteins Three rat liver membrane proteins with apparent molecular masses of 85 kDa, 35 kDa and 15 kDa and having binding activity for acetyl-LDL and Mal-BSA were solubilized and separated under reducing conditions by Mal-BSA-Sepharose affinity chromatography followed by gel-permeation chromatography, essentially as described previously (Ottnad et al., 1990) . Briefly, the 35 kDa and 15 kDa binding proteins were solubilized from membrane pellets in TNE buffer [50 mM-Tris/HCI (pH 8)/150 mM-NaCI/O. I mM-EDTA] containing 0.20% ,-mercaptoethanol, 40 mM-octyl glucoside (OG), 23 jg of phenylmethanesulphonyl fluoride (PMSF)/ml and 0.1 % Trasylol. The 85 kDa binding protein was solubilized in TNE buffer containing S mM-GSSG and S mM-GSH (instead of ,J-mercaptoethanol) and 1 %0 Triton X-100. The yield of the 35 kDa, 15 kDA and 85 kDa binding proteins was greatly influenced by the type of detergent and also by the reducing agent in the solubilization buffer. However, when some proteinase inhibitors were included in the TNE buffer (23 jag of PMSF/ml, 0.1 0% Trasylol, 25 ,ug of leupeptin/ml, 2.5 jag of cystatin/ml and 25 ,ug of E64/ml), no difference in binding protein yield or integrity was observed. To purify the 35 kDa and 15 kDa binding proteins, the solubilized membrane proteins were applied to a Mal-BSA-Sepharose 4B column equilibrated with 50 mM-Tris/HCl (pH 8)/0.1 mm-EDTA/40 mM-OG/0.2 % ,-mercaptoethanol and eluted in the same buffer containing 250 mM-NaC1 and then I M-NaCl. Subsequently, separation and further purification could be obtained by gel-permeation chromatography in 125 mM-Tris/HCl (pH 6.8)/0.1 % ,-mercaptoethanol/0. 1% SDS and characterized for their binding activities (Table 1 ). The solubilized 85 kDa binding protein was diluted to 0.500 Triton X-100, added to a Mal-BSA-Sepharose 4B column equilibrated with 50 mM-Tris/ HCI (pH 8)/50 mM-NaCl/O.1 mM-EDTA/5 mM-GSSG/5 mm-GSH/0.1 % Triton X-100, and eluted in the same buffer containing 250 mM-NaCl, but no GSSG, and characterized for its binding activities (Table 1) . et al., 1989) using a ligand characterized by TBARS, we show in Fig. I the TBARS in the oxidized LDL samples we call mildly, moderately and fully oxidized LDL. In a typical LDL incubation experiment with Cu(II) as pro-oxidant, the TBARS were Assay for competition of oxidized LDL with '3II-Mal-BSA and 13ll-acetyl-LDL binding
Competition with "'3I-acetyl-LDL and 31I-Mal-BSA binding to their reconstituted reduced hepatic binding proteins was determined by the filter assay of Schneider et al. (1980) , modified as described (Via et al., 1985) . The purified 85 kDa binding protein was in 50 mM-Tris/HCl (pH 8)/250 mM-NaCl/O. 1 mM-EDTA/5 mM-GSH/0.1 % Triton X-100. The 35 kDa protein and the 12-15 kDa proteins were in 125 mM-Tris/HCl (pH 6.8)/O.1% 0,-mercaptoethanol/0.1 % SDS. Samples were diluted, complexed with egg phosphatidylcholine and precipitated by 330% acetone as described previously (Via et al., 1985) . The precipitated liposome-protein' complexes were suspended in 10 mM-Tris/HCl (pH 8) and incubated with 131I-Mal-BSA, 131I-LDL or '3ll-acetyl-LDL in 50 mM-Tris/ HCI (pH 8)/150 mM-NaCl/ 10 mM-EDTA/BSA (1 mg/ml), for 30 min at 20°C in the absence or the presence of a second ligand. Unbound radioligands were separated from bound radioligands on cellulose acetate filters which were extensively washed with binding buffer. All competition experiments which resulted in a competition for radioligand binding of less than 800% were repeated twice; however, the presented binding data are always duplicates from a single but representative experiment.
RESULTS
Assay conditions for 13ll-acetyl-LDL and '3ll-Mal-BSA binding in the presence of oxidized LDL LDL was incubated under oxidative conditions for 0-18 h. The formation of dienes and fluorescent lipid-protein conjugates was as shown previously (Huber et al., 1990) . However, since binding of oxidized LDL has been analysed by others (Sparrow 3.3 nmol/mg of LDL immediately after the addition of CuC12. This had increased to 45.9 nmol/mg after 2 h (mildly oxidized LDL). TBARS reached 67.2 nmol/mg at 4 h (moderately oxidized LDL), and reached a plateau: values after 8 h and 18 h were 71.5 nmol/mg and 65.5 nmol/mg respectively (fully oxidized LDL). The electrophoretic mobility relative to native LDL on agarose gel electrophoresis increased from 1.2 (mildly oxidized) and 1.35 (moderately oxidized) to 2.0 at the 18 h time point (fully oxidized LDL) (results not shown).
For analysis of the competitor activities of the partially modified LDLs, it was necessary to establish conditions with which to stop oxidative LDL modification and to prevent the continuation of LDL modification by lipid peroxidation products. The (Figs. 3 and 4) . The inhibition studies with 31I-acetyl-LDL (Fig. 3) (Fig. 4) 
DISCUSSION
In this study we have characterized three detergent-solubilized and partially purified acetyl-LDL binding proteins from rat liver in a reconstituted system. This systemn was used by others to analyse the solubilized LDL receptors (Schneider et al., 1980) and by our group to analyse solubilized scavenger receptors (Via et al., 1985; Dresel et al., 1987; Ottnad et al., 1990) . This system allowed us to compare the binding selectivity, binding stoichiometry and affinity constants for the binding of various ligands to solubilized scavenger receptors and to receptors on intact cells, and to study the relationship with liver uptake in the Acetyl-LDL (pmol/ml) LDL (pmol/ml) LDL-ox2 (pmol/ml) LDL-ox4 (pmol/ml) LDL-ox8 (pmol/ml) LDL-ox18 (pmol/ml) Vol. 281 E. Ottnad and others whole animal as well (Dresel et al., 1987; Ottnad et al., 1990 Arai et al. (1989) and Sparrow et al. (1989) in their studies with mouse peritoneal macrophages.
